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Abst rac t  

A t r a n s o n i c  unsteady aerodynamic and 
a e r o e l a s t i c i t y  code has been developed f o r  
a p p l i c a t i o n  t o  r e a l i s t i c  a i r c r a f t  con- 
f i g u r a t i o n s .  The new code i s  c a l l e d  CAP-TSD 
which i s  an acronym f o r  Computational 
- A e r o e l a s t i c i t y  Program - TranSonic Small 
- Disturbance. T 6  CAP-TSD core uses a Time- 
accura te  approximate f a c t o r i z a t i o n  (AF) 
a l q o r i t h m  f o r  s o l u t i o n  o f  t he  unsteady t ranson ic  
smal l  -d i  
very ef 
unsteady 
prov ide  
hundred 
computat 
a 1 t e r n a t  
comD 1 e t  e 

turbance equation. The AF a l g o r i t h m  i s  
i c i e n t  f o r  s o l u t i o n  o f  steady and 
t r a n s o n i c  f l o w  problems. I t can 

accura te  s o l u t i o n s  i n  on ly  several 
t i m e  steps y i e l d i n g  a s i g n i f i c a n t  
onal cos t  savings when compared t o  
ve methods. The new code can t r e a t  

a i  r c r a  f t qeomet r i  es w i  t h  mu 1 t i  p l  e 
l i f t i n g  surfaces and- bodies i n c l u d i n g  canard, 
wing, t a i l ,  con t ro l  surfaces, launchers, pylons, 
fuselage, s to res ,  and nacel les.  App l ica t ions  
are presented f o r  a s e r i e s  o f  f i v e  c o n f i g -  
u r a t i o n s  o f  i n c r e a s i n g  complexi ty t o  demonstrate 
t h e  wide range o f  geometr ical  a p p l i c a b i l i t y  of 
CAP-TSD. These r e s u l t s  a re  i n  good agreement 
w i t h  a v a i l a b l e  experimental steady and unsteady 
pressure data. C a l c u l a t i o n s  f o r  t h e  General 
Dynamics one-ninth sca le  F-16C a i r c r a f t  model 
a re  presented t o  demonstrate a p p l i c a t i o n  t o  a 
r e a l i s t i c  c o n f i g u r a t i o n .  Unsteady r e s u l t s  for 
t h e  e n t i r e  F-16C a i r c r a f t  undergoing a r i g i d  
p i t c h i n g  n o t i o n  i l l u s t r a t e d  t h e  c a p a b i l i t y  
r e q u i r e d  t o  per form t r a n s o n i c  unsteady 
aerodynamic and a e r o e l a s t i c  analyses f o r  such 
c o n f i g u r a t i o n s .  
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Nomenclature 

a i  r f o i  1 chord 
wing reference chord 
body ang le-o f  -at tack c o r r e c t i o n  
pressure c o e f f i c i e n t  

unsteady pressure c o e f f i c i e n t  
normal ized by osc i  1 l a t i o n  
amp1 i tude 
body thickness c o r r e c t i o n  
f u n c t i o n  d e f i n i n g  p o s i t i o n  of 
h o r i z o n t a l  1 i f t i n g  sur face  

A t  

11 
- 
e 

Subscr ip ts  

b 
C 
f 
t 

0 
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f u n c t i o n  d e f i n i n g  p o s i t i o n  o f  
v e r t i c a l  l i f t i n g  sur face  
reduced frequency, w ~ r / 2 U  
f reest ream Mach number 
f u n c t i o n  d e f i n i n g  body s u r f a c e  
t ime,  nondimensional ized by U / C r  
f reest ream v e l o c i t y  
angle o f  a t t a c k  
yaw angle 
r a t i o  of s p e c i f i c  heats 
c o n t r o l  surface d e f l e c t i o n  angle 

unsteady l i f t i n g  pressure 
c o e f f i c i e n t  normalized by 
o s c i l l a t i o n  ampl i tude 
nondi mensi onal  ti me s tep  

f r a c t i o n a l  semispan along exposed 
p lan form 
p o l a r  angle of body c ross-sec t ion  
de f ined i n  Figs. 7 and 12 
lead ing  edge sweep angle 
disturbance v e l o c i t y  p o t e n t i a l  
angular frequency 

body 
canard 
fuse lage 
t a i  1 
wing 
mean value 
dynamic value 

I n t r o d u c t i o n  

Present ly ,  cons iderab le  research i s  be ing  
conducted t o  develop f i n i t e - d i f f e r e n c e  computer 
codes f o r  c a l c u l a t i n g  t r a n s o n i c  unstead 
aerodynamics f o r  a e r o e l a s t i c  a p p l i  cat ions.  
These computer codes are  being developed t o  
p rov ide  accurate methods of c a l c u l a t i n g  unsteady 
a i r l o a d s  f o r  t he  p r e d i c t i o n  of a e r o e l a s t i c  
phenomena such as f l u t t e r  and divergence. For 
exatvple, t he  XTRAN3S2 unsteady t r a n s o n i c  
smal l  -d isturbance (TSD) code was developed f o r  
t r a n s o n i c  a e r o e l a s t i c  analyses o f  i s o l a t e d  
p l a n a r  wings. The code uses an a l t e r n a t i n g -  
d i  r e c t i o n  i m p l i c i t  (AD1 ) f i n i  t e d i  f fe rence 
a l g o r i t h m  t o  c a l c u l a t e  steady and unsteady 
t r a n s o n i c  f lows i n  a t ime-marching fashion. 
Several terms o f  t h e  AD1 a l g o r i t h m  are  t r e a t e d  
e x p l i c i t l y ,  though, which leads t o  a t i m e  step 
r e s t r i c t i o n  based on numerical s t a b i l i t y  
considerat ions.  Experience w i t h  t h e  code has 
shown t h a t  f o r  a p p l i c a t i o n s  t o  p r a c t i c a l  wings 
with moderate t o  h i g h  sweep and taper,  very 
small  t i m e  steps a r e  r e q u i r e d  f o r  t h e  a l g o r i t h m  
t o  be numer ica l l y   table.^-^ Th is  s t a b i l i t y  
r e s t r i c t i o n  t y p i c a l l y  r e s u l t s  i n  thousands of 
t i m e  steps r e q u i r e d  t o  o b t a i n  converged steady 
s o l u t i o n s  and thousands of steps p e r  c y c l e  of 
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motion. Such so lu t ions  a r e  computa t iona l l y  
expensive, and thus, a e r o e l a s t i c  a p p l i c a t i o n s  o f  
XTRAN3S have genera l ly  been l i m i t e d .  

A new a l t e r n a t i v e  a l g o r i t h m  based on 
approximate f a c t o r i z $ t i o n  (AF) was r e c e n t l y  
developed by Batina f o r  the  t ime-accurate 
s o l u t i o n  o f  t h e  unsteady TSD equation. The AF 
a l g o r i t h m  invo lves  a Newton l i n e a r i z a t i o n  
procedure coupled w i t h  an i n t e r n a l  i t e r a t i o n  
technique. I n  Ref. 7 t h e  AF a l g o r i t h m  was shown 
t o  be very robus t  and e f f i c i e n t  f o r  a p p l i c a t i o n  
t o  e i t h e r  steady or o s c i l l a t o r y  t r a n s o n i c  f lows 
wi th subsonic or supersonic f rees t ream 
cond i t ions .  The new a l g o r i t h m  can prov ide  
accurate s o l u t i o n s  i n  on ly  severa l  hundred t i m e  
steps y i e l d i n g  a s i g n i f i c a n t  computational cos t  
sav ings when compared t o  a l t e r n a t i v e  methods. 
Furthermore, t h e  AF a l g o r i t h m  i s  f u l l y  
v e c t o r i z a b l e  which r e s u l t s  i n  an a d d i t i o n a l  
sav ing  o f  computer resources. The Unsteady 
Aerodynamics Branch a t  NASA Langley Research 
Center has subsequently developed a new computer 
code t o  f u l l y  e x p l o i t  t h e  super io r  s t a b i l i t y  
c h a r a c t e r i s t i c s  and computational e f f i c i e n c y  o f  
t h e  AF a lgor i thm.  The new code i s  c a l l e d  
CAP-TSO which i s  an acronym f o r  Computational - A e r o e l a s t i c i t y  Program - Transonic Small - Disturbance. The c o d e  a l lows t h e  a n a l y s f i  o f  
complete a i r c r a f t  c o n f i g u r a t i o n s  i n c l u d i n g  
fuselages and m u l t i p l e  l i f t i n g  surfaces. The 
development of the methodology f o r  t r e a t i n g  
these components has been repor ted  i n  Refs. 8 
and 9. The CAP-TSD code a l s o  can t r e a t  py lons,  
s to res ,  and nacel les us ing  modeling s i m i l a r  t o  
t h a t  ofllBoppe and Stern"  and Shankar and 
Ma 1 mut h . The CAP-TSD code t h e r e f o r e  i s  
capable o f  t ranson ic  unsteady aerodynamic and 
a e r o e l a s t i c  analys is  o f  r e a l i s t i c  a i r c r a f t  
con f igura t ions .  

The purpose of t h i s  paper i s  t o  descr ibe  
t h e  development of the CAP-TSD computer code and 
t o  present  unsteady t r a n s o n i c  a p p l i c a t i o n s  f o r  
r e a l i s t i c  a i  r c r a f t  c o n f i g u r a t i o n s  i n v o l v i n g  
m u l t i p l e  components. S p e c i f i c a l l y ,  t h e  paper 
w i l l :  (1) s t a t e  t h e  governing f l o w  f i e l d  
equations, (2) b r i e f l y  r e i t e r a t e  t h e  AF 
a l g o r i t h m  and s o l u t i o n  procedure, ( 3 )  d iscuss 
t h e  computational modeling o f  t h e  wing, canard, 
t a i l ,  fuse lage,  pylons, s tores,  and nace l les  i n  
t h e  contex t  of the  unsteady TSD equation, ( 4 )  
in t roduce t h e  CAP-TSD computer code, and ( 5 )  
present  r e s u l t s  f o r  severa l  complex 
c o n f i g u r a t i o n s  which demonstrate t h e  wide range 
o f  geometr ica l  a p p l i c a b i l i t y  o f  t h e  new code. 
F i n a l l y ,  t h e  r e s u l t s  a re  v a l i d a t e d  by making 
comparisons with ava i lab le  exper imenta l  steady 
and unsteady data. 

Governing Equations 

I n  t h i s  section, t h e  TSD equation, boundary 
c o n d i t i o n s ,  and coord inate t rans format ion  a r e  
b r i e f l y  described. 

TSD Equat ion 

The f l o w  i s  assumed t o  be governed by t h e  
general frequency mod i f ied  TSD p o t e n t i a l  
equat ion which may be w r i t t e n  i n  conservat ion 
law form as 

afo afl a f 2  a f3  
a t + a x + a y + a r  = O  

where 

f2  = oy + H+x+y 

f 3  = +z 

The c o e f f i c i e n t s  A, B, and E a r e  de f ined as 

2 2 2 A S H ,  B = 2 M ,  E - 1  - M  

Several choices a r e  a v a i l a b l e  f o r  t h e  
c o e f f i c i e n t s  F, G, and H depending upon th 
assumptions used i n  d e r i v i n g  t h e  TSD equation. 
B r i e f l y ,  t h e  c o e f f i c i e n t s  a r e  r e f e r r e d  t o  as 
"NASA Ames" c o e f f i c i e n t s  when de f ined as 

t 

1 G = 7 ( y  - 3) M2 

H = - (y  - 1) M 2  (k 1 

and a r e  r e f e r r e d  t o  as "NLR" c o e f f i c f e n t s  when 
d e f i n e d  as 

1 2 2  F -7 ( 3  - (2 - Y)M ]H 

G = - i M 2  

2 H = - M  

The " c l a s s i c a l "  c o e f f i c i e n t s  a r e  g iven by 

1 2 F = - 7 ( Y  + 1) M 

G = O  

H = O  

and f i n a l l y  t h e  c o e f f i c i e n t s  f o r  t h e  l i n e a r  
equat ion are  

F = G = H = O  ( 7 )  

b 
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Boundary Condi t ions 

The c o n d i t i o n s  imposed upon the  outer 
boundary o f  t he  computational regton are  s i m i l a r  
t o  t h e  c h a r a c t e r i s t i c  o r  n o n r e f l  t i n g "  
boundary c o n d i t i o n s  repor ted  by Whitlow." The 
c o n d i t i o n s  employed h e k  are given by 

Upst ream: o = o  
1 - 8  0 Downstream: I (  + /F)ot + ox = 0 

Above: D Tot + oz = 0 

sot - oz = 0 

R i g h t  spanwise: T o t + +  Y = o  

0 Bel ow : 

D 

n 

L e f t  spanwi se : i o t - $  Y = o  

( f o r  f u l l  -span modeling) 

0 = r l  

( f o r  ha l f -span modeling) 

Y 
Symmetry plane: 

t h a t  when marching t o  steady-state,  the  
d e r i v a t i v e s  i n  Eqs. (8b) t o  (W) vanish 
r e s u l t i n g  i n  simple Neumann boundary cond i t ions .  

The h o r i z o n t a l  l i f t i n g  surfaces 
(canard/wi ng/hor i  zon ta l  t a i  1 / launcher)  are 
modeled by imposing t h e  f o l l o w i n g  boundary 
c o n d i t i o n s :  

+ +  
Flow tangency: o; = f; + f t  (9) 

T r a i l i n g  wake: bzl = 0 

[ox + o t l  = 0 

where [ ] i n d i c a t e s  the  jump i n  the  ind ica ted  
q u a n t i t y  across t h e  wake. The f low-tangency 
c o n d i t i o n  i s  imposed along t h e  mean plane o f  the 
r e s p e c t i v e  l i f t i n g  surface. I n  Eq. (Sa), the 
p l u s  and minus superscr ip ts  i n d i c a t e  the  upper 
and lower surfaces o f  the  mean plane, 
r e s p e c t i v e l y .  The wakes are assumed t o  be f l a t  
and h o r i z o n t a l .  The numerical implementat ion of 
Eqs. (9)  a l l o w s  f o r  coplanar as w e l l  as 
non-coplanar combinations o f  canard, wing, 
h o r i z o n t a l  t a i l ,  and launchers. 

The v e r t i c a l  1 i f t i  ng surfaces 
( p y l o n / v e r t i c a l  t a i l )  are modeled by imposing 
t h e  f o l l o w i n g  boundary cond i t ions :  

Flow 

T ra i  

tangency : 

i n g  wake: 

[ox ' 

where [ ] again i n d i c a t e s  the  jump i n  t h e  
i n d i c a t e d  q u a n t i t y  across t h e  wake. The 
f low-tangency c o n d i t i o n  i s  imposed along t h e  
v e r t l c a l  (x-z)  mean plane o f  t h e  r e s p e c t i v e  
l i f t i n g  surface. I n  Eq. (loa), t h e  p lus  and 
minus s u p e r s c r i p t s  i n d i c a t e  the  r i g h t  and l e f t  
surfaces o f  t he  mean plane, respec t ive ly .  F l a t  
v e r t i c a l  wakes a r e  assumed f o r  t h e  pylons and 
v e r t i c a l  t a l  1. 

Bodies such as the  fuselage, stores,  and 
n a c e l l e s  are t r e a t e d  as fol lows. For a body a t  
angle o f  a t t a c k  cq, and a t  yaw angle f$,, t he  
exact f low-tangency boundary c o n d i t i o n  may be 
w r i t t e n  as 

where N(x,y,z,t) = 0 def ines  the  body surface. 
Computat ional ly,  bodies are modeled by app ly ing  
s i m p l i f i e d  boundary c o n d i t i o n s  on a p r i s m  t i c  
surface r a t h e r  than on the  t r u e  
The method i s  cons is ten t  w i t h  t h e  s m a l l -  
d is tu rbance approximation and t r e a t s  bodies w i t h  
s u f f i c i e n t  accuracy t o  o b t a i n  the  c o r r e c t  g loba l  
e f f e c t  on t h e  f l o w  f i e l d  w i thout  t h e  use o f  
spec ia l  g r i d s  o r  compl icated coord ina te  
t rans format ions .  As such, t he  approximations t o  
the  f low-tangency boundary c o n d i t i o n  (Eq. 11) 
imposed on the  p r i s m a t i c  sur face  are  

Upstream face: $x = V i n l e t  - (12a) 

Downstream face: $x = Vexit - 1 (12b) 

Nx Nt 

NY NY 
- 'aBb L e f t / r i g h t  faces: +y = - C (- + -) 

(12C) 

Nx Nt +z = - C (-- + -4 - Caab 
NZ N Z  

Top/bottom faces: 

where Vin1.et and Vexit. a re  i n l e t  and e x i t  
f l o w  v e l o c i t i e s ,  respec t lve ly .  s p e c i f i e d  i n  the  
case of a n a c e l l e  as der ived  i n  Ref. 10. The 
parameters C t  and Ca are th ickness  and 
a n g l e - o f  -a t tack  c o r r e c t i o n s ,  r e s p e c t i v e l y ,  
der ived  us ing  slender body theory t o  account f o r  
t h e  s p a t i a l  d i f f e r e n c e s  between t r u e  and 
p r i  smat i c  body surfaces. 

The s i m p l i f i e d  body boundary c o n d i t i o n s  
(Eqs. (12) )  a re  analogous t o  the  l i f t i n g  surface 
f low-tangency boundary c o n d i t i o n s  which are  
imposed on t h e  mean p lane o f  the  l i f t i n g  surface 
r a t h e r  than on the  t r u e  surface. Th is  method 
has been shown t o  be accura te  f o r  steady 
t r a n s o n i c  a p p l i c a t i o n s  fo r  c o n f i g u r a t i o n s  w i t h  a 
fuselage, s to res ,  and f low-through nacel les.  l o  
The body boundary c o n d i t i o n s  presented h e r e i n  
a re  extensions o f  those repor ted  i n  Ref. In, t o  
a l l o w  a n a l y s i s  o f  unsteady t r a n s o n i c  cases. 
Unsteady c a l c u l a t i o n s  f o r  a wing/ fuselage 
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c o n f i g u r a t i o n  were repor ted  i n  Ref. 9, u s i n g  
body modeling s i m i l a r  t o  Eqs. (12c) and (12d). 

Coord inate Transformati on 

The f i n i t e d i f f e r e n c e  g r i d s  i n  bo th  t h e  
phys ica l  and computational domains are conta ined 
w i t h i n  rec tangu lar  boundaries and conform t o  t h e  
l e a d i n g  and t r a i l i n g  edges o f  t h e  h o r i z o n t a l  
l i f t i n g  surfaces. Regions i n  t h e  phys ica l  
domain a r e  mapped i n t o  rec tangu lar  reg ions i n  
t h e  computat ional  domain us ing  t h e  shear ing 
t r a n s f o r m a t i o n  

E = E(x,y), II = y, 5 = z (13) 

where E ,  TI, and 5 a re  t h e  nondimensional 
computational coordinates i n  t h e  x, y, and z 
d i r e c t i o n s ,  respect ive ly .  For s i m p l i c i t y ,  no 
shear ing i s  performed i n  t h e  v e r t i c a l  d i r e c t i o n  
so t h a t  py lons and v e r t i c a l  t a i l s  a re  
approximated by rectangular  surfaces. 

Approximate F a c t o r i z a t i o n  A1 g o r i  thm 

An a proximate f a c t o r i z a t i o n  a l g o r i t h m  was 
developed' t o  solve t h e  mod i f ied  TSD equat ion 
(Eq. ( 1 ) )  and associated boundary cond i t ions  
(Eqs. (8) - (10) and (12)). I n  t h i s  sec t ion ,  
t h e  AF a l g o r i t h m  i s  b r i e f l y  described. 

Genera 1 Des c r i p t  i on 

The AF a l g o r i t h m  cons is ts  o f  a Newton 
l i n e a r i z a t i o n  procedure coupled w i t h  an i n t e r n a l  
i t e r a t i  on technique. For unsteady f l o w  
c a l c u l a t i o n s ,  t h e  s o l u t i o n  procedure i n v o l v e s  
two steps. F i r s t ,  a t ime l i n e a r i z a t i o n  s tep 
(descr ibed below) i s  performed t o  determine an 
es t imate  o f  t h e  p o t e n t i a l  f i e l d .  Second, 
i n t e r n a l  i t e r a t i o n s  a r e  performed t o  p rov ide  
t i m e  accurate modeling o f  t h e  f l o w  f i e l d .  
S p e c i f i c a l l y ,  t h e  TSD equat ion (Eq. ( 1 ) )  i s  
w r i t t e n  i n  general form as 

where represents t h e  unknown p o t e n t i a l  
f i e l d  a t  t ime leve l  (n+l).  The s o l u t i o n  t o  Eq. 
(14) i s  then given by the  Newton l i n e a r i z a t i o n  
o f  Eq. (14) about $* 

(15) 
* aR 

R ( +  + (%)+=$ A+ = 0 

I n  Eq. (15). $* i s  the c u r r e n t l y  a v a i l a b l e  va lue 

of $nn+l and A+ = $ - + . Dur ing convergence 
o f  t h e  i t e r a t i o n  procedure, A +  w i l l  approach 
zero so t h a t  the s o l u t i o n  w i l l  be g iven by 
$n+ l  = +*. I n  general,  o n l y  one o r  two 
i t e r a t i o n s  are  requi red t o  achieve acceptable 
convergence. For steady f l o w  c a l c u l a t i o n s ,  
i t e r a t i o n s  are  not used s ince  t ime accuracy i s  
no t  necessary when marching t o  s teady-state.  

n + l  * 

Mathematical Formulat ion 

The AF a l g o r i t h m  i s  fo rmula ted  by f i r s t  
approx imat ing t h e  t i m e  d e r i v a t i v e  terms (ht 
and $,t terms) by second-order accura te  
f i n i t e - d i f f e r e n c e  formulae. The TSD equat ion i s  
r e w r i t t e n  by s u b s t i t u t i n g  $ = $* + A$ and 
n e g l e c t i n g  squares of d e r i v a t i v e s  o f  A$ which i s  
e q u i v a l e n t  t o  a p p l y i n g  Eq. (15) t e r m  by term. 
The r e s u l t i n g  equat ion  i s  then rearranged and 
t h e  l e f t - h a n d  s i d e  i s  approx imate ly  f a c t o r e d  
i n t o  a t r i p l e  product  o f  operators  y i e l d i n g  

4 

Equation (16) i s  so lved u s i n g  t h r e e  sweeps 
through t h e  g r i d  by s e q u e n t i a l l y  app ly ing  t h e  
opera tors  LE, L,, and Lc as 

c 



CAP-TSD Code 

I '  

. b  

€ - sweep: LE A 4  = - R 

0 - sweep: L, A! = A* 

I; - sweep: L~ A+ = A; 

For  steady f l o w  c a l c u l a t i o n s ,  t he  t i m e -  
d e r i v a t i v e s  o f  t he  AF a l g o r i t h m  are  implemented 
f o r  v a r i a b l e  t i m e  s tepp ing  t o  a l l o w  s tep-s ize  
c y c l i n g  f o r  convergence acce le ra t ion .  I n  these 
c a l c u l a t i o n s  t h e  s tep  s i z e  i s  cyc led  us ing  a 
s tandard  geometric sequence. Fur ther  de ta i  1s of 
t h e  a l g o r i t h m  development and s o l u t i o n  procedure 
my be found i n  Ref. 7. 

Time-Li nea r i  z a t i o n  Step 

An i n i t i a l  est imate of t he  p o t e n t i a l s  a t  
t i m e  l e v e l  (n+ l )  i s  requ i red  t o  s t a r t  the 
i t e r a t i o n  process. This est imate i s  p rov ided by 
per fo rming  a t i m e - l i n e a r i z a t i o n  c a l c u l a t i o n .  
The equat ions govern ing t h e  t ime-1 i n e a r i z a t  i on 
s tep  a r e  der ived  i n  a s i m i l a r  fash ion  as the 
equat ions f o r  i t e r a t i o n .  The on ly  d i f f e r e n c e  i s  
t h a t  t h e  equat ions are formulated by l i n e a r i z i n g  
about t i m e  l e v e l  (n) r a t h e r  than t h e  i t e r a t e  
l e v e l  (*). So by s u b s t i t u t i n g  + = 0" + A$ 
i n t o  t h e  TSD equat ion (Eq. (1)) and neg lec t ing  
squares o f  d e r i v a t i v e s  o f  A+, t h e  t ime- 
l i n e a r i z a t i o n  step may be w r i t t e n  as 

L E  L, L c  A+ = - R(#n, gn-l, +n-2) 

where t h e  operators LE, L,, and Lc 
s i m i l a r  t o  those of Eq. (17) with +* rep 
by P. 

19) 

are 
aced 

Boundary Cond i t ions  

The boundary c o n d i t i o n s  a r e  numer ica l l y  
imposed by r e d e f i n i n g  t h e  LE, L,. and L 
opera tors  i n  Eq. (16) as w e l l  as the  r i g h t - h a n i  
s i d e  R, a t  t he  appropr ia te  g r i d  po in ts .  The 
equat ion  t o  be solved a t  boundary g r i d  po in ts  
may then be w r i t t e n  symbol ica l l y  as 

- - -  
LE L, L c  A+ = - R 

where the  " t i l d e "  i n d i c a t e s  t h a t  t he  q u a n t i t y  
has been m o d i f i e d  o r  r e w r i t t e n  t o  account fo r  
t he  boundary cond i t ions .  Fur ther  d e t a i l s  on the 
implementat ion o f  t he  boundary c o n d i t i o n s  are 
given i n  Ref. 7. 

For supersonic f reestream cond i t ions .  the 
AF a l g o r i t h m  i s  a p p l i e d  w i thout  mod i f i ca t ion .  
It i s  recognized, however, t h a t  t he  g r i d  i s  not 
op t ima l  f o r  supersonic a p p l i c a t i o n s .  

The AF a l g o r i t h m  has been used as the  basis 
of t he  CAP-TSD code f o r  t r a n s o n i c  unsteady 
aerodynamic and a e r o e l a s t i c  a n a l y s i s  o f  
r e a l i s t i c  a i r c r a f t  con f igura t ions .  The present 
capabi 1 i t y  has the  op t ion  of ha1 f -span model i ng 
(Eq. ( 8 g ) )  f o r  symmetric cases o r  f u l l - s p a n  
modeling (Eq. ( 8 f ) )  t o  a l l o w  t h e  treatment o f  
ant isymmetr ic  mode shapes, fuselage yaw, o r  
unsymnetric con f igura t ions  such as an o b l i q u e  
wing o r  asymmetric wing stores.  

To i n v e s t i g a t e  the  speed and e f f i c i e n c y  o f  
CAP-TSD, steady and unsteady c a l c u l a t i o n s  were 
performed us ing  an e a r l y  w in  -alone vers ion  o f  
t he  code f o r  t he  F-5 wing.'' The f rees t ream 
Mach number was 0.9 and the  mean angle o f  a t t a c k  
was 0'. I n  these c a l c u l a t i o n s ,  XTRAN3S2 r e s u l t s  
were used as a standard f o r  comparison. For t h e  
s teady-s ta te  case, t he  XTRAN3S r e s u l t s  were 
obtained us ing  a constant step s i z e  of A t  = 
0.01, which was determined by a numerical 
s t a b i l i t y  a n a l y s i s  i n  Ref. 7. It i s  a l s o  t h e  
same step s i z e  as t h a t  repor ted  i n  Refs. 3 and 
4. These c a l c u l a t i o n s  were performed f o r  a 
t o t a l  o f  4000 t ime steps. The CAP-TSD r e s u l t s  
were obtained by c y c l i n g  the  step s i z e  through a 
range o f  values between A t  = 0.05 and 5.0. A 
t o t a l  o f  250 t ime steps were run. A comparison 
o f  s teady-s ta te  convergence between the  two 
codes i s  shown i n  Fig. 1. The " e r r o r "  p l o t t e d  
i n  t h e  f i g u r e  i s  the r a t i o  of the maximum 
a f t e r  n t ime steps t o  the  maximum I A + J  i n  t h  
i n i t i a l  s o l u t i o n  ( f i r s t  t ime step).  A t e r  4000 
steps, t he  e r r o r  i n  t h e  XTRAN3S s o l u t i o n  was 
reduced by s l i g h t l y  g rea ter  than t h r e e  orders o f  
magnitude. The e r r o r  i n  the  CAP-TSO s o l u t i o n ,  
however, was reduced by more than four  orders o f  
magnitude i n  on ly  250 steps. 

To f u r t h e r  t e s t  t he  s t a b i l i t y  
c h a r a c t e r i s t i c s  of the CAP-TSD AF a lgor i thm,  a 
much more cha l leng ing  case was considered. I n  
t h i s  example, the  lead ing  edge sweep o f  the  F-5 
wing was increased t o  60" by shear ing t h e  F-5 
planform a f t .  The freestream Mach number was 
again se lec ted  as M = 0.9 and the  mean angle o f  
a t t a c k  was 0". The XTRAN3S r e s u l t s  were 
obtained us ing  a constant step s i z e  o f  A t  = 
0.002, which was determined by a numerical 
s t a b i l i t y  a n a l y ~ i s , ~  and t h e  CAP-TSD r e s u l t s  
were obtained by c y c l i n g  the  step s i z e  through a 
range o f  values between A t  = 0.05 and 0.5. A 
comparison o f  the  s teady-s ta te  convergence 
h i s t o r i e s  between the  two codes i s  shown i n  
Fig. 2. The XTRAN3S s o l u t i o n  converges very 
s l o w l y  such t h a t  a f t e r  4000 steps, t he  e r r o r  has 
been reduced by on ly  approx imate ly  one order  o f  
magnitude. The CAP-TSD s o l u t i o n ,  however, has 
converged j u s t  as r a p i d l y  as i n  t h e  f i r s t  
example, w i t h  the  e r r o r  reduced over four o rders  
o f  magnitude i n  on ly  250 steps. 

Fur ther  computational e f f i c i e n c y  i s  
achieved through ex tens ive  v e c t o r i z a t i o n  o f  t h e  
AF a l g o r i t h m  as we l l  as the  CAP-TSD code i n  
general. Since t h e  L5, L,, and L c  
operators o f  t he  AF a l g o r i t h m  on ly  c o n t a i n  
d e r i  v a t i  ves i n  t h e i  r r e s p e c t i v e  coord ina te  
d i r e c t i o n s ,  a l l  t h r e e  sweeps o f  the  s o l u t i o n  
procedure are vec tor izab le .  Th is  i s  i n  c o n t r a s t  
w i t h  t h e  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  
a l g o r i t h m  o f  XTRAN3S which can on ly  be 

I "1 
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t h a n  on numer ica l  s t a b i l i t y  cons idera t ions .  
Consequently, a convergence s tudy was performed 
i n  Ref. 7, u s i n g  t h e  AF a lgor i thm,  t o  determine 
t h e  l a r g e s t  s tep  s i z e  (fewest number o f  s teps 
p e r  c y c l e  of mot ion)  t h a t  produces converged 
s o l u t i o n s  f o r  t h e  F-5 wing a t  M = 0.9. The wing 
was fo rced t o  o s c i l l a t e  i n  a r i g i d  p i t c h i n g  
mot ion a t  a reduced frequency o f  k = 0.137. 
Unsteady r e s u l t s  were obta ined f o r  100, 200, 
300, and 400 s teps per  c y c l e  o f  mot ion which 

F- 5 wing 

-4 R CAP-TSD 

\ 
XTRAN3S 

r e q u i r e d  A t  = 0.2293, -0.1147, 0.0764, and 
0.0573, respec t ive ly .  I n  Ref. 7 these 
c a l c u l a t i o n s  i n d i c a t e d  t h a t  approx imate lv  300 
s teps per  c y c l e  were r e q u i r e d  t o  o b t a i n  
converged r e s u l t s ,  a l though 200 s teps per  c y c l e  
may be acceptable f o r  eng ineer ing  purposes. 
Therefore,  t h e  CAP-TSD code i s  e f f i c i e n t  f o r  

-6 
0 1m ZOO0 3am 4000 5000 

Time Steps 
unsteady as w e l l  as steady t r a n s o n i c  
a p p l i c a t i o n s .  

Fig. 1 

log 
error 

Resu l ts  and Discuss ion 

I n  t h i s  sec t ion ,  r e s u l t s  a r e  presented f o r  
a s e r i e s  of r e a l i s t i c  a i r c r a f t  c o n f i q u r a t i o n s  

Comparison of s teady-state convergence 
between CAP-TSD and XTRAN3S f o r  t h e  F-5 
wing a t  M = 0.9 and = 0'. 

which demonstrate t h e  e f f i c i e n c y ,  accuracy, and 
a p p l i c a b i l i t y  o f  t h e  CAP-TSD code. These 
c o n f i g u r a t i o n s  a r e  descr ibed f i r s t ,  f o l l o w e d  by 
a d iscuss ion  o f  t h e  corresponding c a l c u l a t i o n s .  
A l l  o f  t h e  c a l c u l a t i o n s  were performed u s i n g  t h e  
NASA Ames c o e f f i c i e n t s  (Eqs. ( 4 ) )  i n  t h e  TSD 
equat ion  and t h e  t ime d e r i v a t i v e s  i n  t h e  
f a r f i e l d  boundary cond i t ions  (Eqs. ( 8 ) )  were 
neglected i n  t h i s  i n i t i a l  a p p l i c a t i o n  study. 
The r e s u l t s  a re  v a l i d a t e d  by making d e t a i l e d  
comparisons w i t h  a v a i l a b l e  steady and unsteady 
exper imenta l  pressure data. F u r t h e r  
a p p l i c a t i o n s  o f  CAP-TSD i n c l u d i n g  comparisons 
wi th experiment f o r  supersonic f reest ream cases 
are  repor ted  by Bennett,  e t  a l .  Is 

A = 60° 

2 

0 

-2 
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Fig.  2 Comparison of  s teady-state convergence 
between CAP-TSD and XTRAN3S f o r  t h e  F-5 
wing sheared t o  A = 60' a t  M = 0.9 and 
q-J = 0'. 

v e c t o r i z e d  i n  t h e  s t reanwise d i r e c t i o n .  To 
q u a n t i f y  t h e  computational e f f i c i e n c y  achieved 
through vec tor iza t ion ,  t i m i n g  i n f o r m a t i o n  was 
compared f o r  t h e  cases presented i n  Figs. 1 and 
2. The v e c t o r i z e d  XTRAN3S (Version 1.5) code 
requ i red  0.62 CPU seconds p e r  t i m e  s tep  on t h e  
CDC VPS-32 computer a t  NASA Langley Research 
Center. For  t h e  same problem, t h e  CAP-TSD code 
r e q u i r e d  o n l y  0.10 CPU seconds p e r  t i m e  step. 
M u l t i p l y i n g  t h i s  e f f i c i e n c y  f a c t o r  of 
approx imate ly  s i x ,  t imes t h e  f a c t o r  of 
approx imate ly  twenty achieved through improved 
s t a b i l i t y ,  y i e l d s  a two order  o f  magnitude 
decrease i n  computational expense u s i n g  CAP-TSD 
f o r  t h i s  case. 

For  unsteady c a l c u l a t i o n s  w i t h  CAP-TSD, t h e  
s tep  s i z e  i s  se lected based on accuracy r a t h e r  

Conf i g u r a t i  ons 

Resu l ts  a re  presented f o r  t h e  f i v e  
c o n f i g u r a t i o n s  s h o w  i n  Fig. 3. These 
c o n f i g u r a t i o n s  range i n  geometr ica l  complex i ty  
f rom a s imple wing w i t h  c o n t r o l  sur face  t o  a 
rea 1 i s t  i c f i g h t e r  geometry . The f i v e  
c o n f i g u r a t i o n s  were se lec ted  t o  assess var ious  
geometry c a p a b i l i t i e s  o f  CAP-TSD by making 
comparisons w i t h  t h e  exper imenta l  pressure data 
o f  Refs. 15-21. A d e t a i l e d  d e s c r i p t i o n  o f  each 
c o n f i g u r a t i o n  i s  g iven  i n  t h e  f o l l o w i n g  
paragraphs. 

The f i r s t  c o n f i g u r a t i o n  (Fig. 3 ( a ) )  i s  the  
F-5 w i n g , r i t h  an inboard  t r a i l i n g  edge c o n t r o l  
surface. The wing has a panel aspect r a t i o  o f  
1.58, a l e a d i n g  edge sweep angle o f  31.9'. and a 
t a p e r  r a t i o  o f  0.28. The a i r f o i l  s e c t i o n  of the  
F-5 wing i s  a m o d i f i e d  NACA 65A004.8 a i r f o i l  
which has a drooped nose and i s  symmetric a f t  o f  
40% chord. The c o n t r o l  sur face  has a cons tan t -  
percent-chord h inge l i n e  a t  82% chord, inboard 
s i d e  edge a t  t h e  wing r o o t ,  and outboard s i d e  
edge a t  58% semispan. The c a l c u l a t i o n s  are  
compared w i t h  t h e  exper imenta l  o s c i l l a t o r y  
pressure data from an F-5 win& model t e s t e d  by 
Persoon, Roos, and Schippers. Both subsonic 
and supersonic f reest ream cases are  presented. 

The second c o n f i g u r a t i o n  (Fig. 3(b)J6 i s  the  
F -5 w i n g / t  i p t  a nk /py 1 on /s t ore  geometry . For  

c 
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La 
(a)  F-5 wing/cont ro l  surface. 

4 

(b ) F-5 w i  n g / t  I p t  ank /py lon /s tore.  

* 

( c )  DFVLR wing/ fuselage/ ta i  1. 

( d )  Rockwell canard/wing/fuselage. 

t h i s  c o n f i g u r a t i o n ,  t h r e e  components have been 
modeled i n  a d d i t i o n  t o  t h e  F-5 wing: (1) an 
area- ru led  t i p t a n k  which i s  an ax isymnet r ic  body 
o f  r e v o l u t i o n  w i th  a f ineness r a t i o  ( l e n g t h /  
maximum d iameter )  of 10.88; ( 2 )  an underwing 
s t o r e  which i s  a l s o  an axisymmetric body o f  
r e v o l u t i o n  w i t h  a f lneness r a t i o  o f  7.04; and 
(3)  a p y l o n  which connects t h e  s t o r e  t o  t h e  
lower  surface of t h e  wing a t  77% semispan. The 
t i p t a n k  and s t o r e  have angles of inc idence 
r e l a t i v e  t o  t h e  wing zero  angle of a t t a c k  o f  
-2.0° and -2.5", respec t ive ly .  A more d e t a i l e d  
d e s c r i p t i o n  o f  the  F-5 wing/ t iptank/pylon/store  
c o n f i g u r a t i o n  i s  g iven i n  Refs. 16 and 17 a long 
wi th t h e  exper imenta l  pressure data. The 
c a l c u l a t i o n s  were performed f o r  severa l  
combinations o f  F-5 components t o  i n v e s t i g a t e  
aerodynamic i n t e r f e r e n c e  e f f e c t s  on steady and 
unsteady wing pressures. 

For  t h e  f i r s t  two c o n f i g u r a t i o n s  (Figs. 
3 ( a )  and 3(b) ) .  unsteady as w e l l  as steady 
exper imenta l  pressure data a re  a v a i l a b l e  f o r  
comparison w i t h  t h e  CAP-TSI, c a l c u l a t i o n s .  For  
t h e  remain ing conf igura t ions ,  however, o n l y  
steady exper imenta l  pressure data e x i s t  t o  
assess t h e  accuracy o f  the  c a l c u l a t e d  r e s u l t s .  

The t h i r d  c o n f i g u r a t i o n  (Fig. 3 ( c ) )  i s  a 
s imple w i n g / f u s e l a g e / t a i l  model t h a t  was t e s t e d  
a t  t h e  DFVLR.18 The model cons is ts  o f  a 
rec tangu lar -p lan form wing t h a t  i s  c e n t r a l l y  
mounted t o  a c i r c u l a r  cross-sect ion fuselage 
w i t h  a T - t a i l .  The wing has a panel (exposed) 
aspect r a t i o  o f  2.66 and an RAE 101 a i r f o i l  
s e c t i o n  (9% maximum th ickness- to-chord r a t i o ) .  
The ax isymnet r ic  fuse lage has a f ineness r a t i o  
o f  9.75. The h o r i z o n t a l  t a i l  has a panel aspect 
r a t i o  of 1.5 and an RAE 101 a i r f o i l  sec t ion  
(12.7% maximum th ickness- to-chord r a t i o ) .  I t  i s  
l o c a t e d  above t h e  wing mean plane, a d is tance 
equal t o  t h e  fuselage maximum diameter, and i s  
connected t o  t h e  fuselage by t h e  rec tangu lar  
v e r t i c a l  t a i l .  The DFVLR w i n g / f u s e l a g e / t a i l  
c o n f i g u r a t i o n  i s  f u r t h e r  descr ibed i n  Ref. 18 
a long w i t h  t h e  low-speed exper imenta l  steady 
pressure data. 

The f o u r t h  c o n f i g u r a t i o n  (Fig. 3 (d) )  i s  a 
canard/wing/fuselage model t h a t  was t e s t e d  by 
Rockwell I n t e r n a t i o n a l .  l9 The model cons is ts  o f  
a swept-tapered canard and wing mounted t o  a 
r e l a t i v e l y  s imple h a l f  -span fuselage. Each o f  
t h e  non-coplanar l i f t i n g  surfaces has a panel 
(exposed) aspect r a t i o  of approx imate ly  1.0, a 
lead ing  edge sweep angle o f  40°, a taper  r a t i o  
s l i g h t l y  g rea ter  than 0.25, and a s u p e r c r i t i c a l  
a i r f o i l  sect ion.  The wing a l s o  has 4" o f  
inc idence r e l a t i v e  t o  t h e  fuselage and 5" o f  
p a r a b o l i c  t w i s t  washout. The Rockwell canard/ 
wing/ fuselage c o n f i g u r a t i o n  i s  f u r t h e r  descr ibed 
i n  Ref. 19 a long w i t h  t h e  exper imenta l  steady 
pressure data. 

The f i f t h  c o n f i g u r a t i o n  (Fig. 3 ( e ) )  i s  t h e  
one-n inth sca le  F-16C a i r c r a f t  model that was 
t e s t e d  by General Dynamics.20 Shown i n  Fig. 4 
a re  t h e  F-16C components t h a t  a re  modeled u s i n g  
CAP-TSD. The F-16C i s  modeled u s i n g  f o u r  
l i f t i n g  sur faces  and two bodies. The l i f t i n g  

(e)  General Dynamics F-16C a i r c r a f t  model. sur faces inc lude:  (1) t h e  wing w i t h  lead ing  and 
t r a i l i n g  edge c o n t r o l  sur faces,  (2)  t h e  
launcher, (3 )  a h igh ly-swept  s t rake,  a f t  s t rake,  

F ig .  3 Conf igura t ions  f o r  CAP-TSD analys is .  and she l f  surface, and ( 4 )  t h e  h o r i z o n t a l  t a i l .  
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Launcher 
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Strake Wing 
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Horizontal ta i l  

Conf igura t ion  I 
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3 0.45 
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F ig.  4 CAP-TSD modeling of t h e  General Dynamics 
one-n inth sca le  F-16C a i r c r a f t  model. 

Rockwell canard/wing/fuselage 

General Dynamics F-16C 
a i r c r a f t  model 

The bodies inc lude:  (1) t h e  t i p  m i s s i l e ,  and 
(2) t h e  fuselage. Other s a l i e n t  fea tures  of  t h e  
F-16C modeling inc lude 3" l i n e a r  t w i s t  washout 
fo r  t h e  wing, a leading edge c o n t r o l  sur face  
h inge l i n e  t h a t  i s  s t r a i g h t  but  not o f  cons tan t -  
percent  chord, and 10" anhedral f o r  t h e  
h o r i z o n t a l  t a i l .  The r a t h e r  d e t a i l e d  geometry 
d e s c r i p t i o n  f o r  the one-ninth sca le  F-16C 
a i r c r a f t  model was obtained f rom Ref. 20 and t h e  
exper imenta l  steady pressure data i s  t a b u l a t e d  
i n  Ref. 21. P a r a l l e l  c a l c u l a t i o n s  were a l s o  
performed f o r  t h e  wing alone, t o  i n v e s t i g a t e  t h e  
e f f e c t s  of aerodynamic i n t e r f e r e n c e  by making 
comparisons w i t h  t h e  complete a i r p l a n e  r e s u l t s .  
These wing-a lone ca lcu la t ions  were performed f o r  
t h e  o u t e r  wing panel on ly ,  wi th a p lane o f  
symnetry assumed a t  the wing root .  

6 0.8 

7 0.115 

8 0.9 

9 1.1 

F-5 Wing/Control Surface Resul ts  

Resu l ts  were obtained f o r  t h e  F-5 wing/ 
c o n t r o l  sur face  c o n f i g u r a t i o n  t o  assess t h e  
accuracy and e f f i c i e n c y  o f  t h e  CAP-TSD code f o r  
o s c i l l a t o r y  c o n t r o l  surface a p p l i c a t i o n s .  I n  
these c a l c u l a t i o n s ,  two Mach number cases were 
se lected.  The f i r s t  case, Case 1 o f  Table 1, 
was chosen t o  have the  same f reest ream 
c o n d i t i o n s  as inves t iga ted  i n  Refs. 3, 4 .  and 
7. I n  Case 1, t h e  freestream Mach number was 
0.9 and bo th  the  mean angle o f  a t tack  and mean 
c o n t r o l  sur face d e f l e c t i o n  angle were zero. The 
second case, Case 2 of Table 1, was chosen t o  
assess t h e  performance o f  CAP-TSO f o r  
o s c i l l a t o r y  c o n t r o l  sur face  mot ion w i t h  
supersonic f reest ream condi t ions.  I n  Case 2, 
t h e  f reest ream Mach number was 1.1 and again t h e  
mean ang le  o f  a t t a c k  and mean c o n t r o l  sur face  
d e f l e c t i o n  angle were both zero. I n  Cases 1 and 
2, bo th  steady and unsteady r e s u l t s  were 
ob ta ined f o r  comparison wi th  the  exper imenta l  
data o f  Refs. 13 and 15. Steady pressure 
d i s t r i b u t i o n s  f o r  these cases were presented and 
compared w i t h  t h e  experimental data i n  Ref. 7. 
and t h e r e f o r e  a r e  not repeated here. llnsteady 
pressure r e s u l t s  f o r  these cases a r e  descr ibed 
i n  t h e  f o l l o w i n g  paragraphs. 

Case 1. - For  Case 1. unsteady r e s u l t s  were 
o b t a i n e d r  t h e  cont ro l  surface o s c i l l a t i n g  
w i t h  ampl i tude 6, = 0.471" a t  a reduced 

frequency of k = 0.139. The c a l c u l a t i o n s  were 
performed u s i n g  o n l y  300 s teps per  c y c l e  o f  
mot ion which corresponds t o  a s tep  s i z e  o f  A t  = 
0.07354. Three cyc les  o f  mot ion were computed 
t o  o b t a i n  a p e r i o d i c  s o l u t i o n .  Unsteady 
pressure d i s t r i b u t i o n s  a long t h r e e  span s t a t i o n s  
of t h e  wing are  p l o t t e d  i n  Fig. 5 a long wi th t h e  
exper imenta l  data. The unsteady pressure 
c o e f f i c i e n t s  along the  upper sur face  are shown 
i n  Fig. 5(a); t h e  unsteady pressure c o e f f i c i e n t s  
a long t h e  lower  sur face are shown i n  Fig. 5(b). 
These c o e f f i c i e n t s  a r e  p l o t t e d  as r e a l  and 
imaginary components corresponding t o  t h e  
i n-phase and out -of -phase unsteady pressure  
d i s t r i b u t i o n s  normal ized by t h e  ampl i tude o f  
motion. As shown i n  Fig. 5(a), t h e r e  i s  a 
c a l c u l a t e d  shock pu lse  o f  moderate s t r e n g t h  on 
t h e  upper surface o f  t h e  wing near 62% chord a t  

= 0.18, 58% chord a t  6 = 0.51, and 43% chord 
a t  = 0.88. The shock pu lse  i s  due t o  t h e  
motion of t h e  upper surface shock wave and i s  
overpred ic ted  i n  magnitude i n  comparison w i t h  
t h e  exper imenta l  data. This  i s  genera l l y  what 
i s  expected f rom a conserva t ive  i n v i s c i d  

Table 1 Cases f o r  CAP-TSD analys is .  

I DFVLR w ing / fuse lage/ ta i l  I 5 I 0.2 I 
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(b) lower surface. 

Comparison between CAP-TSD and eXperi - 
mental unsteady pressure d i s t r i b u t i o n s  
on t h e  F-5 wing due t o  c o n t r o l  surface 
o s c i l l a t i o n  a t  M = 0.9, a,, = O", 
6 1  = 0.471'. and k = 0.139. 

p o t e n t i a l  f l o w  code. For cases such as t h i s ,  
t h e  i n c l u s i o n  o f  t h e  non isent rop ic  e f f e c t s 2 '  and 
viscous e f f e c t s 2 3  could be expected t o  improve 
t h e  c o r r e l a t i o n  between c a l c u l a t i o n  and 
experiment. Overa l l ,  t h e  CAP-TSD r e s u l t s  
g e n e r a l l y  agree w e l l  wi th t h e  exper imenta l  data, 
e s p e c i a l l y  i n  p r e d i c t i n g  t h e  c o n t r o l  sur face  
pressures and t h e  h l n g e - l i n e  s i n g u l a r i t y  a t  A2% 
chord ( f igs .  5(a) and 5(b)). 

Case 2. - For  Case 2, unsteady r e s u l t s  were 
o b t a i m r  t h e  c o n t r o l  sur face  o s c i l l a t i n g  
wi th ampl i tude 6, = 0.45' a t  a reduced frequency 
o f  k = 0.118. S i m i l a r  t o  Case 1, t h e  
c a l c u l a t i o n s  were a l s o  performed us ing  300 steps 
per  c y c l e  o f  motion which corresponds t o  a s tep  
s i z e  o f  A t  = 0.08875. Only two cyc les o f  mot ion 
were r e q u i r e d  t o  o b t a i n  a p e r i o d i c  so lu t ion .  
C a l c u l a t i o n s  f o r  t h e  t h i r d  c y c l e  o f  mot ion 
produced r e s u l t s  t h a t  were i d e n t i c a l  t o  t h e  
second c y c l e  r e s u l t s ,  t o  p l o t t i n g  accuracy. 
This  f a s t e r  convergence i s  due t o  t h e  lack  o f  
upstream s igna l  propagat ion r e s u l t i n g  f rom t h e  
supersonic  na ture  o f  the  flow. F igure  6 shows a 
comparison o f  CAP-TSD unsteady pressures w i th  
t h e  experimental data. Upper sur face  pressure 
d i s t r i b u t i o n s  a r e  shown i n  f i g .  6(a); lower  
sur face  pressure d i s t r i b u t i o n s  are  shown i n  
Fig. 6(b). The CAP-TSD r e s u l t s  i n d i c a t e  t h a t  
t h e  pressures on t h e  c o n t r o l  sur face  are  n e a r l y  
in-phase wi th t h e  mot ion s i n c e  t h e  imaginary 
components a re  very small  i n  comparison t o  t h e  
r e a l  components. Also, the  pressures are  zero  
ou ts ide  o f  the  domain o f  i n f l u e n c e  o f  t h e  
c o n t r o l  sur face  which i s  expected f o r  supersonic 
f low. The CAP-TSD r e s u l t s  a re  i n  very good 
agreement w i t h  t h e  experimental pressure data 
a long both t h e  upper (Fig. 6(a!) and lower  
(Fig. 6(b)) sur faces of  t h e  wing. 

F-5 W i  ng/Ti p tank/Pyl  on/Store Resu l ts  

Resu l ts  were obta ined f o r  the  F-5 w i n g / t i p -  
tank /py lon /s to re  c o n f i g u r a t i o n  t o  assess t h e  
CAP-TSD modeling f o r  n u l t i p l e  body geometries. 
I n  these c a l c u l a t i o n s ,  two cases were s e l e c t e d  
t o  i n v e s t i g a t e  the  e f f e c t s  o f  component 
aerodynamic in te r fe rence.  The f i r s t  case, Case 
3 o f  Table 1, considers r e s u l t s  f o r  the  F-5 wing 
w i th  and w i t h o u t  t h e  t i p t a n k  inc luded i n  t h e  
c a l c u l a t i o n .  Comparisons between these two sets  
o f  r e s u l t s  reveal  t h e  i n t e r f e r e n c e  e f f e c t s  o f  
t h e  t i p t a n k  on wing pressures. The second case, 
Case 4 o f  Table 1, considers r e s u l t s  f o r  t h e  F-5 
w ing / t ip tank  geometry both w i t h  and w i t h o u t  t h e  
py lon  and s t o r e  inc luded i n  t h e  c a l c u l a t i o n .  
Comparisons between these r e s u l t s  reveal  f u r t h e r  
i n t e r f e r e n c e  e f f e c t s  on wing pressures. I n  bo th  
Cases 3 and 4, t h e  f reest ream Mach number was 
se lec ted  as M = 0.45 f o r  d i r e c t  comparison w i th  
t h e  pub l ished subsonic exper imenta l  pressure 
data o f  Refs. 16 and 17. I n  these c a l c u l a t i o n s ,  
bo th  steady and unsteady r e s u l t s  were obta ined 
f o r  t h e  wing a t  zero mean angle o f  a t tack .  The 
unsteady c a l c u l a t i o n s  were performed f o r  t h e  
c o n f i g u r a t i o n  p i t c h i n g  harmon ica l l y  a t  a reduced 
frequency o f  k = 0.147. The c o n f i g u r a t i o n  was 
fo rced t o  p i t c h  about a l i n e  perpend icu la r  t o  
t h e  r o o t  a t  15% chord from t h e  wing apex. The 
r e s u l t s  were obta ined us ing  300 steps per  c y c l e  
o f  motion which corresponds t o  a s tep s i z e  of 
A t  = 0.07135. 
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Fig. 6 Comparison between CAP-TSD and e x p e r i -  
mental unsteady pressure d i s t r i b u t i o n s  
on t h e  F-5 wing due t o  c o n t r o l  sur face  
o s c i l l a t i o n  a t  M = 1.1. QO = 0'. 
6 1  = 0.45', and k = 0.118. 
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Case 3. - For Case 3, steady pressure 
d i s t r i b u t i o n s  on t h e  t i p t a n k  a r e  presented 
f i r s t ,  t o  assess t h e  accuracy of t he  CAP-TSD 
body modeling. As shown i n  Fig. 7, two se ts  o f  
pressures are p l o t t e d  corresponding t o  inboard  
( e  - 157.5') and outboard ( 0  = 22.5') 
l o n g i t u d i n a l  l i n e s  along t h e  t i p t a n k .  These 
pressure d i s t r i b u t i o n s  show expansions near t h e  
f o r e  and a f t  maximum diameter l o c a t i o n s  as w e l l  
as a compression near t h e  area- ru led  middle 
region. The c a l c u l a t e d  t i p t a n k  pressures are i n  
very good agreement w i t h  the  experimental data 
which v a l i d a t e s  the  CAP-TSD body modeling. 

Unsteady pressure d i s t r i b u t i o n s  f o r  Case 3 
a re  presented i n  Fig.  8 f o r  two span s t a t i o n s  o f  
t h e  F-5 wing. F i g u r e  8(a) shows chordwise 
pressures along 98% semispan and Fig. 8(b) shows 
chordwise pressures along 51% semispan. These 
pressures are  p l o t t e d  as r e a l  and imaginary 
components o f  t h e  unsteady l i f t i n g  pressure, 
normal ized by the  ampl i tude o f  motion. Two s e t s  
o f  c a l c u l a t e d  r e s u l t s  are presented 
corresponding t o  the  wing w i t h  and w i t h o u t  t he  
t i p t a n k  inc luded i n  the  c a l c u l a t i o n .  As shown 
i n  Fig. 8(a), i n c l u s i o n  of t he  t i p t a n k  inc reased 
t h e  magnitude o f  the  rea l  p a r t  which b r i n g s  the  
c a l c u l a t e d  r e s u l t s  i n t o  good general agreement 
w i t h  the  w ing / t ip tank  experimental data i n  t h e  
midchord region. The i n t e r f e r e n c e  e f f e c t  o f  t h e  
t i p t a n k  on t h e  wing unsteady pressures i s  
l a r g e s t  near t h e  wing t i p  (Fig. 8 (a ) ) ,  as 
expected, and a t tenuates  inboard along the  span 
as shown i n  Fig. 8(b). Here the  increase i n  the  
r e a l  p a r t  o f  t he  unsteady l i f t i n g  pressure i s  
much less  than t h a t  p r e d i c t e d  near the  t i p .  

0 

-. 2 

cP O 

.2 

I-----J+-i CAP-TSD 
I--)( 

0 Experiment M = 0.45 

-. 2 

cP O 

. 2  

U 
Wing /"B e-- Ti Dta n k 

8 = 22 .5O 

8 = 157.5' 

Fig. 7 Comparison between CAP-TSD and e x p e r i -  
mental steady pressure d i s t r i b u t i o n s  on 
t h e  t i p t a n k  o f  t he  F-5 w i n g / t i p t a n k  con- 
f i g u r a t i o n  a t  M = 0.45 and 00 = 0'. 
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Fig. 8 Comparison between CAP-TSD and exper i  - 
mental unsteady pressure d i s t r i b u t i o n s  on 
t h e  wing o f  t h e  F-5 w ing / t ip tank  conf ig-  
u r a t i o n  a t  M = 0.45, 00 = 0’. and 
k = 0.147. 

Case 4. - For  Case 4, steady pressure 
d i s t r m  on t h e  wing are  presented i n  Fig. 
9. F igure  9(a) shows chordwise pressures a long 
72% semispan, which i s  s l i g h t l y  inboard  o f  t h e  
py lon  l o c a t i o n ,  and Fig. 9(b) shows chordwise 
pressures a long 18% semispan. Two s e t s  o f  
c a l c u l a t e d  and experimental r e s u l t s  a re  p l o t t e d  
corresponding t o  t h e  w ing / t ip tank  c o n f i g u r a t i o n  
wi th and w i thout  t h e  py lon /s to re  inc luded.  As 
shown i n  t h e  lower  p a r t  o f  Fig. 9(a), i n c l u s i o n  
o f  t h e  py lon  and s t o r e  s i g n i f i c a n t l y  increased 
( n e g a t i v e l y )  t h e  lower  sur face pressures f rom 
t h e  wing l e a d i n g  edge t o  approx imate ly  60% 
chord. The e f fec t  on t h e  upper sur face  
pressures i s  n e g l i g i b l e ,  as shown i n  t h e  upper 
p a r t  o f  Fig. 9(a). The c a l c u l a t e d  steady 
pressures f o r  cases w i t h  and w i t h o u t  t h e  py lon /  
s t o r e  compare very w e l l  wi th t h e  exper imenta l  
data. The in te r fe rence e f f e c t  o f  t h e  py lon  and 
s t o r e  on t h e  wing lower surface steady pressures 
i s  l a r g e s t  i n  t h e  py lon  l o c a t i o n  region, as 
expected. The e f fec t  a t tenuates a long t h e  span 
and i s  small  a t  t h e  18% semispan l o c a t i o n  (Fig. 

Unsteady pressure d i s t r i b u t i o n s  f o r  Case 4 
a r e  presented i n  Fig. 10 f o r  t h e  same two span 
s t a t i o n s  o f  t h e  F-5 wing. Two s e t s  o f  
c a l c u l a t e d  and exper imenta l  r e s u l t s  a re  again 
p l o t t e d  corresponding t o  t h e  w ing / t ip tank  
c o n f i g u r a t i o n  w i t h  and w i t h o u t  t h e  py lon/s tore.  
As shown i n  t h e  upper p a r t  o f  Fig. l0 (a ) ,  
i n c l u s i o n  o f  t h e  py lon  and s t o r e  increased t h e  
r e a l  component of t h e  unsteady l i f t i n g  pressure, 
s i m i l a r  t o  the i n t e r f e r e n c e  e f f e c t  o f  the 
t i p t a n k  on t h e  wing unsteady pressures (Fig. 
8(a)). The CAP-TSD r e s u l t s  a r e  i n  good 
agreement w i t h  the  experimental pressure data i n  
p r e d i c t i n g  t h e  aerodynamic i n t e r f e r e n c e  e f f e c t  
o f  t h e  p y l o n l s t o r e .  S i m i l a r  t o  t h e  s teady-s ta te  
example of  Fig. 9, the  e f f e c t  a t tenuates i n  t h e  
spanwise d i r e c t i o n  and i s  very small  inboard a t  
t h e  18% semispan l o c a t i o n  as shown i n  Fig. 
10(b). 

9(b)). 

DFVLR Wing/Fuselage/Tai l  Resu l ts  

Resu l ts  were obta ined f o r  t h e  DFVLR 
wing / fuse lage/ ta i l  c o n f i g u r a t i o n  t o  assess t h e  
accuracy and u t i l i t y  o f  CAP-TSD f o r  m u l t i p l e  
l i f t i n g  sur face and fuselage a p p l i c a t i o n s .  I n  
these c a l c u l a t i o n s ,  one case was considered 
which i s  Case 5 o f  Table 1. I n  Case 5, t h e  
f reest ream Mach number was se lec ted  as M = 0.2 
f o r  comparison w i th  t h e  low-speed exper imenta l  
steady pressure data o f  Ref. 18. The angle of 
a t t a c k  o f  t h e  wing was 0.25”. The angle o f  
a t t a c k  f o r  t h e  t a i l  and fuselage was 0.15O. For 
t h i s  case as w e l l  as f o r  a l l  of t h e  remain ing 
complex c o n f i g u r a t i o n s ,  o n l y  s teady-s ta te  
comparisons w i th  experiment a re  given. 

Case 5. - For  Case 5, comparisons o f  
CAP-TSD and exper imenta l  steady pressure  
d i s t r i b u t i o n s  on t h e  upper sur faces of t h e  wing 
and t a i l  a re  presented i n  Fig. 11. Chordwise 
pressures a long t h r e e  span s t a t i o n s  o f  t h e  wing 
and a long one span s t a t i o n  o f  t h e  t a i l  were 
se lec ted  f o r  comparison w i t h  t h e  data. As shown 
i n  F ig .  11, t h e  CAP-TSD r e s u l t s  compare very 
w e l l  w i t h  t h e  exper imenta l  data a long bo th  
l i f t i n g  sur faces except i n  t h e  v i c i n i t y  o f  t h e  
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t he  wing o f  the  F-5 w lng / t ip tank  c o n f i g -  
u r a t i o n  both w i t h  and w i thout  p y l o n / s t o r e  
a t  M = 0.45, a,, = 0". and k = 0.147. 
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d i s t r i b u t i o n s  on the  w ing  and t a i l  o f  t h e  DFVLR w i n g / f u s e l a g e / t a i l  
c o n f i g u r a t i o n  a t  M = 0.2, % = 0.25'. and ~f = at = 0.15O. 

wing l e a d i n g  edge. F i g u r e  12 shows a s i m i l a r  
comparison between CAP-TSD and experiment f o r  
t h e  fuselage o f  t he  OFVLR c o n f i g u r a t i o n .  Two 
se ts  of l o n g i t u d i n a l  pressures are  p l o t t e d  
corresponding t o  t h e  fuselage upper c e n t e r l i n e  
( e  = W0) and t o  a l i n e  t h a t  passes c lose  t o  the 
wing- fuselage j u n c t i o n  ( e  = ZOO). The 
c a l c u l a t e d  pressure d i s t r i b u t i o n s  are again i n  
very good agreement w i t h  the  exper imental  data 
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Fig. 12 Comparison between CAP-TSD and exper i  - 
mental steady pressure d i s t r i b u t i o n s  on 
t h e  fuselage o f  t he  DFVLR wing/ fuselage/  
t a i l  c o n f i g u r a t i o n  a t  M = 0.2, % = 0.25". 
and ~f = g - 0.15". 

which v a l i d a t e s  t h e  CAP-TSD code f o r  a p p l i c a t i o n  
t o  mult iple-component c o n f i g u r a t i o n s  such as the  
DFVLR w i n g / f u s e l a g e / t a i l .  

Rockwell Canard/Wing/Fuselage Resu l ts  

Resu l ts  were obtained f o r  the  Rockwell 
canard/wi ng / fuse l  age c o n f i g u r a t i o n  t o  f u r t h e r  
assess CAP-TSD f o r  m u l t i p l e  l i f t i n g  sur face  and 
fuselage a p p l i c a t i o n s .  I n  these c a l c u l a t i o n s ,  
one case was considered which i s  Case 6 o f  Table 
1. I n  Case 6, t he  f rees t ream Mach number was 
M = 0.8 f o r  comparison w i t h  the  experimental 
steady pressure data o f  Ref. 19. The angle o f  
a t t a c k  f o r  both the  canard and wing was 2.05". 
For the  wing, t h i s  angle i s  added t o  t h e  
inc idence and t w i s t  so t h a t  the  roo t  and t i p  are 
e f f e c t i v e l y  a t  6.05" and 1.05O, r e s p e c t i v e l y .  

Case 6. - For Case 6, comparisons o f  
C A P - T m  exper imental  steady pressure  
d i s t r i b u t i o n s  on the  canard and wing are  p l o t t e d  
i n  Fig.  13. Chordwise pressures along one span 
s t a t i o n  o f  t h e  canard and along t h r e e  span 
s t a t i o n s  o f  t he  wing were s e l e c t e d  f o r  
comparison w i t h  the  data. As shown i n  Fig. 13, 
t h e  CAP-TSD pressures a r e  i n  favorab le  agreement 
w i t h  the  experimental data along both l i f t i n g  
surfaces. The small  d i f f e r e n c e s  between 
c a l c u l a t i o n  and experiment i n  t h e  wing upper 
sur face  t r a i l i n g  edge region, a re  due t o  f l o w  
separat ion.  The overpred ic ted  pressures along 
the  lower sur face  o f  both the  canard and t h e  
wing, a f t  o f  approx imate ly  85% chord, are due t o  
viscous e f f e c t s .  O f  course, f l o w  separa t ion  and 
viscous e f f e c t s  a re  o u t s i d e  t h e  scope o f  t h e  
present c a p a b i l i t y .  
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General Dynamics F-16C A i r c r a f t  Model Resu l ts  

Resu l ts  were obta ined f o r  t h e  General 
Dynamics one-n inth scale F-16C a i r c r a f t  model t o  
demonstrate a p p l i c a t i o n  of CAP-TSD t o  a 
r e a l i s t i c  con f igura t ion .  I n  these c a l c u l a t i o n s ,  
t h r e e  cases were considered corresponding t o  
t h r e e  values o f  freestream Mach number. The 
t h r e e  cases are  r e f e r r e d  t o  as Cases 7, 8, and 9 
of  Table 1, which correspond t o  M = 0.85, 0.9, 
and 1.1, respect ive ly .  I n  each case, CAP-TSD 
r e s u l t s  were obtained f o r  t h e  F-16C a i r c r a f t  a t  
approx imate ly  2.3" angle of  a t t a c k  and w i t h  t h e  
l e a d i n g  edge cont ro l  sur face o f  t h e  wing 
d e f l e c t e d  upwards 2' f o r  comparison w i t h  t h e  
exper imenta l  steady pressure data of Ref. 21. 
These steady pressure comparisons a r e  made t o  
assess t h e  accuracy o f  CAP-TSD f o r  complete 
a i r p l a n e  app l ica t ions .  There a r e  no unsteady 
exper imenta l  data t o  v a l i d a t e  t h e  CAP-TSD code 
f o r  t i  me -accurate F-16C c a l c u l a t i o n s .  
Nonetheless, an unsteady c a l c u l a t i o n  was 
performed f o r  Case 8, t o  demonstrate t h e  t ime-  
accura te  c a p a b i l i t y ,  For s i m p l i c i t y ,  t h e  
c a l c u l a t i o n  was performed f o r  a r i g i d  p i t c h i n g  
mot ion where t h e  e n t i r e  F-16C a i r c r a f t  was 
f o r c e d  t o  o s c i l l a t e  about t h e  model moment 
re fe rence a x i s  a t  a reduced frequency o f  k = 
0.1. The o s c i l l a t i o n  ampl i tude was chosen as 
a1 = 0.5". and 300 steps p e r  c y c l e  o f  mot ion 
were computed corresponding t o  A t  = 0.1047. 
P a r a l l e l  r e s u l t s  were a l s o  obta ined f o r  the  wing 
a lone t o  i n v e s t i g a t e  t h e  aerodynamic 
i n t e r f e r e n c e  e f f e c t s  o f  the  a d d i t i o n a l  a i r c r a f t  
components on wing unsteady pressures. 

0.64 

For  t h e  F-16C c o n f i g u r a t i o n ,  a l l  o f  t h e  
c a l c u l a t i o n s  f o r  Cases 7-9 were performed on a 
g r i d  which conta ined 324,000 points .  Since t h e  
g r i d  i s  Car tes ian,  i t  was r e l a t i v e l y  easy t o  
generate, even f o r  such a complex c o n f i g u r a t i o n  
as t h e  F-16C a i r c r a f t .  Also, t h e  c a l c u l a t i o n s  
r e q u i r e d  o n l y  about 0.88 CPlJ seconds p e r  t i m e  
step and t h i r t e e n  m i l l i o n  words of memory on t h e  
CDC VPS-32 computer. 

Case 7. - For  Case 7, steady pressure 
compa-for t h e  F-16C a i r c r a f t  model a r e  
presented i n  Fig. 14 f o r  t h r e e  span s t a t i o n s  o f  
t h e  wing and one span s t a t i o n  o f  t h e  t a i l .  
These c a l c u l a t i o n s  were performed t o  assess t h e  
CAP-TSD complete a i r c r a f t  modeling f i r s t  f o r  
subsonic f l o w  condi t ions.  For t h i s  case (M = 
0.85), t h e  f l o w  i s  most ly  s u b c r i t i c a l  and t h e  
CAP-TSD r e s u l t s  a re  i n  good agreement w i t h  t h e  
exper imenta l  data. The wing pressure  
d i s t r i b u t i o n s  i n d i c a t e  t h e  e f f e c t s  o f  t h e  
lead ing  edge c o n t r o l  surface h inge l i n e  and t h a t  
t h e  wing c a r r i e s  l i f t .  The t a i l ,  a l though a t  
angle o f  a t tack ,  c a r r i e s  r e l a t i v e l y  l i t t l e  l i f t  
i n  comparison w i t h  t h e  wing. This  i s  because 
t h e  wing induces a downwash on t h e  t a i l  which 
reduces i t s  e f f e c t i v e  angle of a t t a c k  and 
consequently reduces t h e  t a i l  l i f t .  

Case 8. - For Case 8, steady pressure 
c o r n p a m a r e  presented i n  Fig. 15 f o r  t h e  
same span s t a t i o n s  as shown f o r  Case 7. These 
c a l c u l a t i o n s  were performed t o  assess t h e  
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CAP-TSD complete a i  r c r a f t  m d e l i  ng f o r  t ranson ic  
cond i t ions .  I n  t h i s  case (M = D.9), t h e r e  i s  a 
moderate ly  s t r o n g  shock wave on t h e  upper 
sur face  of t h e  wing and t h e  CAP-TSD pressures 
again g e n e r a l l y  agree w e l l  w i th  t h e  e x p e r i -  
mental pressures. The shock i s  s l i g h t l y  
overpred ic ted  i n  s t rength and l o c a t e d  s l i g h t l y  
a f t  o f  t h e  experimental l o c a t i o n  which i s  
expected f rom a conservat ive i n v i s c i d  p o t e n t i a l  
f l o w  code. S i m i l a r  t o  Case 1 t h e  i n c l u s i o n  of 
t h e  non isent rop ic  e f f e c t s "  and v iscous 
e f f e c t s "  c o u l d  be expected t o  improve t h e  
c o r r e l a t i o n  between c a l c u l a t i o n  and experiment. 
For  t h e  t a i l ,  the f l o w  i s  predominant ly  
s u b c r i t i c a l  and the CAP-TSD pressures agree w e l l  
w i th  t h e  experimental data. 

Unsteady pressure d i s t r i b u t i o n s  f o r  Case 8 
a r e  shown i n  Fig. 16 f o r  t h e  e n t i r e  F-16C 
a i r c r a f t  undergoing a r i g i d  p i t c h i n g  motion. 
The wing and t a t 1  upper sur face  r e s u l t s  a re  
shown i n  Fig. 16(a) and t h e  lower sur face  
r e s u l t s  a re  shown i n  F ig .  16(b). These unsteady 
pressure r e s u l t s  are presented a t  t h e  same span 
s t a t i o n s  as t h e  steady-state r e s u l t s  (Fig. 15). 
Two s e t s  of ca lcu la ted  pressures are  compared 
corresponding t o  complete a i r p l a n e  and wing 
a lone modeling. As shown i n  Fig. 16(a), t h e r e  
i s  a r e l a t i v e l y  large shock pu lse  i n  t h e  r e a l  
p a r t  of t h e  wing upper sur face pressures. This  
shock pu lse  i s  of l a r g e r  magnitude and i s  
l o c a t e d  f u r t h e r  downstream i n  t h e  complete 
a i r p l a n e  model. These fea tures  are  a t t r i b u t e d  
t o  a s t ronger  s teady-state shock on t h e  upper 
sur face  of t h e  wing produced by t h e  acce le ra ted  
f low about t h e  fuselage and t h e  l a u n c h e r / t i p  
m i s s i l e .  The unsteady pressures near t h e  
l e a d i n g  edge o f  the wing a r e  a l s o  genera l l y  o f  
l a r g e r  magnitude f o r  t h e  complete a i rp lane.  For 
t h e  t a i l ,  t h e  unsteady pressures are r e l a t i v e l y  
smal l  i n  comparison w i th  t h e  wing pressures and 
thus  were p l o t t e d  on an expanded scale. The 
t a i l  i s  l o c a t e d  considerably  a f t  o f  t h e  p i t c h  
a x i s  and thus  i t s  mot ion i s  plunge dominated 
which r e s u l t s  i n  smaller a i r l o a d s  f o r  t h e  low 
va lue  o f  k considered. Furthermore, these 
pressures are near ly  90' out  o f  phase w i t h  t h e  
a i r c r a f t  mot ion s ince t h e  r e a l  components a r e  
smal l  compared t o  the imaginary components. As 
shown i n  Fig. 16(b), t h e  complete a i r p l a n e  and 
wing a lone r e s u l t s  on t h e  wing lower sur face  
show much smal le r  d i f fe rences  than t h e  r e s u l t s  
f o r  t h e  wing upper sur face  due t o  t h e  
s u b c r i t i c a l  na ture  of t h e  f low.  

Case 9. - For Case 9, steady pressure 
r e s u l t s  a r e  presented i n  Fig. 17 f o r  t h e  F-16C 
a i r c r a f t  model a t  M = 1.1. These c a l c u l a t i o n s  
were performed t o  assess t h e  CAP-TSD complete 
a i  r c r a f t  model i ng f o r  supersonic  f r e e s t  ream 
cond i t ions .  F o r  t h i s  case, t h e  f l o w  i s  most ly  
supersonic  and the CAP-TSD r e s u l t s  a re  i n  
f a v o r a b l e  agreement w i t h  t h e  experimental data 
f o r  both t h e  wing and t a i l .  The steady pressure 
l e v e l s  a r e  genera l l y  w e l l  p r e d i c t e d  except 
outboard a long the wing l e a d i n g  edge c o n t r o l  
surface. Th is  discrepancy may be due t o  a 
v o r t e x  t h a t  i s  produced outboard a long t h e  
l e a d i n g  edge. Of  course, vor tex  f lows a r e  
o u t s i d e  t h e  scope of t h e  present  c a p a b i l i t y .  

Concluding Remarks 

A t r a n s o n i c  unsteady aerodynamic and 
a e r o e l a s t i c i t y  code c a l l e d  CAP-TSD has been 
developed f o r  a p p l i c a t i o n  t o  r e a l i s t i c  a i r c r a f t  
c o n f i g u r a t i o n s .  The name CAP-TSD i s  an acronym 
f o r  Computational A e r o e l a s t i c i t y  Program - 
- Transonic  Small Disturbance. The n& code now 
permi ts  t h e  c a l c a a t i o n  of unsteady f lows about 
complete a i r c r a f t  con f igura t ions  f o r  a e r o e l a s t i  c 
a n a l y s i s  i n  t h e  f l u t t e r  c r i t i c a l  t ranson ic  speed 
range. The CAP-TSD code uses a t ime-accura te  
approximate f a c t o r i z a t i o n  (AF)  a l g o r i t h m  f o r  
s o l u t i o n  o f  t h e  unsteady t r a n s o n i c  s m a l l -  
d is tu rbance equation. The AF a l g o r i t h m  has been 
shown t o  be very e f f i c i e n t  f o r  steady o r  
unsteady t r a n s o n i c  f low problems. It can 
p r o v i d e  accurate s o l u t i o n s  i n  o n l y  severa l  
hundred t i m e  steps y i e l d i n g  a s i g n i f i c a n t  
computat ional  cos t  sav ings when compared t o  
a l t e r n a t i v e  methods. For reasons o f  
p r a c t i c a l i t y  and a f f o r d a b i l i t y .  an e f f i c i e n t  
a l g o r i t h m  and a f a s t  computer code a r e  
requirements f o r  r e a l  i s t  i c a i r c r a f t  
a p p l i c a t i o n s .  

Resu l ts  were presented f o r  severa l  complex 
a i r c r a f t  con f igura t ions  which demonstrated t h e  
geometr ica l  a p p l i c a b i l i t y  o f  CAP-TSD. The code 
can t r e a t  con f igura t ions  w i t h  a r b i t r a r y  
combinations o f  l i f t i n g  sur faces and bodies 
i n c l u d i n g  canard, wing, t a i l ,  c o n t r o l  sur faces,  
t i p  launchers, pylons, fuselage, s tores,  and 
nacel les.  Most o f  t h e  cases presented a r e  
s teady-s ta te  c a l c u l a t i o n s  f o r  comparison w i t h  
a v a i l a b l e  exper imenta l  data. 

C a l c u l a t i o n s  presented f o r  t h e  F-5 wing 
w i t h  an inboard  t r a i l i n g  edge o s c i l l a t i n g  
c o n t r o l  sur face demonstrated t h e  accuracy and 
e f f i c i e n c y  o f  CAP-TSD fo r  unsteady flows w i t h  
subsonic and supersonic freestream cond i t ions .  
These r e s u l t s  compared w e l l  w i t h  t h e  
exper imenta l  data. Steady pressure 
d i s t r i b u t i o n s  ob ta ined f o r  t h e  DFVLR wing/ 
f u s e l a g e / t a i l  and t h e  Rockwell canard/wing 
fuse lage were a l s o  i n  good agreement w i t h  t h e  
exper imenta l  pressure data. The favorab le  
comparisons thus v e r i f i e d  t h e  CAP-TSD coding f o r  
m u l t i p l e  l i f t i n g  sur face and fuselage geometries 
and a l s o  demonstrated t h e  accuracy of t h e  
program f o r  such a p p l i c a t i o n s .  Steady and 
unsteady c a l c u l a t i o n s  f o r  t h e  F-5 wing w i th  a 
t i p t a n k  and underwing p y l o n l s t o r e  f u r t h e r  
demonstrated CAP-TSD geometry c a p a b i l i t i e s .  
Comparisons o f  pressure d i s t r i b u t i o n s  f o r  
combinations o f  F-5 components revealed 
aerodynamic i n t e r f e r e n c e  e f f e c t s  on wing 
pressures. These c a l c u l a t e d  r e s u l t s  were i n  
good agreement w i t h  t h e  exper imenta l  pressure 
data which f u r t h e r  assessed CAP-TSD f o r  m u l t i p l e  
component a p p l i c a t i o n s  w i t h  mutual i n t e r f e r e n c e  
e f f e c t s  . 

F i n a l l y ,  r e s u l t s  were presented f o r  t h e  
General Dynamics one-n inth s c a l e  F-16C a i r c r a f t  
model which demonstrated a p p l i c a t i o n  t o  a 
r e a l i s t i c  c o n f i g u r a t i o n .  The F-16C components 
t h a t  were modeled wi th  CAP-TSD i n c l u d e  t h e  wing 
w i t h  l e a d i n g  and t r a i l i n g  edge c o n t r o l  sur faces;  
a h igh ly-swept  s t rake,  a f t  s t rake,  and s h e l f  
surface; t h e  t i p  launcher  and m i s s i l e ;  t h e  
h o r i z o n t a l  t a i l ;  and t h e  fuselage. Steady 
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F ig .  16 CAP-TSD unsteady pressure d i s t r i b u t i o n s  on the  wing and t a i l  o f  the  
F-16C a i r c r a f t  model due t o  complete a i r p l a n e  r i g i d  p i t c h i n g  a t  
M = 0.9. 00 = 2.38', 01 = 0.5'. and k = 0.1. 
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Fig. 17 Comparison between CAP-TSD and experimental steady pressure 
d i s t r i b u t i o n s  on the wing and t a i l  of the F-16C a i r c r a f t  model a t  
M = 1.1 and QO = 2.31'. 

r e s u l t s  a t  both subsonic and supersonic 
freestream condit ions compared we l l  w i t h  the 
experimental data. Unsteady resu l t s  f o r  t he  
e n t i r e  F-16C a i r c r a f t  undergoing a r i g i d  
p i t c h i n g  motion were presented. Comparisons 
w i t h  p a r a l l e l  wing alone resu l t s  revealed 
aerodynamic in ter ference e f f e c t s  o f  the 
add i t i ona l  a i r c r a f t  components on wing unsteady 
pressures. These e f f e c t s  emphasize the 
importance o f  inc lud ing a l l  components i n  the 
ca lcu lat ion.  The CAP-TSD code thus provides the  
c a p a b i l i t y  o f  modeling complete a i r c r a f t  
conf igurat ions f o r  r e a l i s t i c  t ransonic  and 
supersonic unsteady aerodynamic and aeroelast ic  
analyses. 
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